ABSTRACT Three experiments were conducted to evaluate the effects of corn particle size on growth performance, ME n , apparent total tract amino acid digestibility, and cecal microbial populations when young chicks were fed a corn-soybean meal-based diet. In all experiments, 1-d-old chicks were randomly assigned to 1 of 4 dietary treatments containing corn particle geometric mean diameters of 557, 858, 1,210, or 1,387 μm. Chicks were fed the experimental diets from 0 to 21 d posthatch and ME n and apparent total tract amino acid digestibility were determined at 7 and 21 d of age. When compared with the smallest geometric mean diameters of 557 μm, feeding the larger particle sizes had no effect on growth performance from 0 to 21 d in all experiments. Feeding larger corn particle sizes resulted in increases in relative gizzard weights in all experiments, with the greatest increase occurring with the 1,387-μm corn particle size. Gizzard pH was unaffected by corn particle size in all experiments. The ME n values and digestibility coefficients for most amino acids were higher (P < 0.05) at 21 d than at 7 d for all dietary treatments. In experiment 2, the ME n values showed a significant linear decrease (P < 0.007) as corn particle size increased at 7 d. The digestibility of most amino acids was unaffected by corn particle size at 7 or 21 d. Cecal lactobacilli populations were increased (P < 0.05) when the largest particle size was included in the diet. The results of these studies indicated that feeding larger particle size corn increased gizzard weight significantly but had no consistent effect on overall growth performance, ME n , or amino acid digestibility.
INTRODUCTION
The health aspect of consuming whole grains in humans has long been understood, whereas the effects in livestock species, in particular poultry, are still unclear and rather variable. Initially, countries such as Europe, Australia, and Canada included whole grains in poultry diets as a way to reduce feed costs. However, it has also been hypothesized that feeding whole grains or larger particle sizes may improve the health of the bird as well as strongly influence gizzard size and function (Gabriel et al., 2006; Amerah et al., 2007 Amerah et al., , 2008 . Many of the diets that are used in the above countries are generally based on wheat, sorghum, barley, and oats. However, poultry diets in the United States are primarily based on corn; therefore, by comparison, feeding large particle size corn may produce benefits similar to the effects seen in whole grain feeding (Parsons et al., 2006) .
To maximize the possible effects on intestinal health and gizzard size and function that may occur from feeding larger particle sizes, it may be beneficial to expose chicks to diets containing large corn particle sizes as early as possible. If gizzard size and activity level are increased at a younger age, this may help to improve the digestibility of nutrients. Nir et al. (1994a) found that when 1-d-old chicks were fed coarse and medium corn particles, gizzard weight increased by 26 to 41% when compared with chicks fed fine particles. Also, because nutrient digestion in chicks is suboptimal until about 14 d of age (Noy and Skylan, 1999; Batal and Parsons, 2002) , improving nutrient digestion during the first few weeks of life may be an important step to improving weight gain potential to market weight. Because the gizzard is a major regulator of intestinal motility and enzymatic secretion, Nir et al. (1995) suggested that larger particles are also better suited to the intestinal tract because they stimulate gizzard size and peristalsis more than smaller particles. Digestion of larger particle sizes is slower within the gizzard and small intestine; thus, feed passage rate is slowed, resulting in more reflux of intestinal contents and increased exposure time of nutrients to digestive enzymes, which in turn may improve energy and nutrient utilization (Nir et al., 1995) .
Incorporating larger particle sizes into the diet may also have an indirect effect on reducing enteric disease problems in poultry by altering the microbial populations within the gastrointestinal tract. More specifically, there needs to be an increase in the concentrations of beneficial bacteria, such as Bifidobacterium and Lactobacillus, or a decrease in the concentrations of pathogenic bacteria, such as Clostridium perfringens and Escherichia coli, or both. The stimulation of gizzard development through increased grinding activity leads to an improvement in gut motility (Ferket, 2000) and increases the secretion of hydrochloric acid into the gizzard and intestine, ultimately reducing pH. This, in combination with the increased retention time of feed in the gizzard, may have an antimicrobial effect because pathogenic bacteria entering the gastrointestinal tract via the feed have a greater chance of being inactivated by the highly acidic environment (Naughton and jensen, 2001; Engberg et al., 2002) . Therefore, the gizzard can be regarded as a barrier in preventing pathogenic bacteria from entering the distal intestinal tract (Engberg et al., 2004) .
Therefore, the objectives of the following experiments were to determine the effects of 4 corn particle sizes in a corn-soybean meal-based diet on growth performance, ME n , and apparent total tract amino acid (AA) digestibility, as well as the effect on gizzard weights and pH and cecal microbial populations.
MATERIALS AND METHODS

Birds and Husbandry
The University of Illinois Institutional Animal Care and Use Committee approved all animal procedures for the 3 experiments. Experiment 1 was conducted using New Hampshire × Columbian female chicks (crossbred), and experiments 2 and 3 were conducted using Ross × Ross 308 male broiler chicks (commercial). Chicks were housed in thermostatically controlled starter batteries with raised wire floors in an environmentally controlled room with light provided continuously. For later microbial determination, the wire floors of the battery were left soiled from a previous experiment in an attempt to increase the bacterial exposure to the chicks. At hatch, chicks were weighed, wing-banded, and assigned to treatment groups so that the initial weight was similar among treatment groups. Four replicates of 6 chicks were assigned to each treatment in experiments 1 and 3 and 6 replicates of 5 chicks were assigned to each treatment in experiment 2. In all experiments, 1-d-old chicks were randomly assigned to 1 of 4 mash dietary treatments differing in corn particle geometric mean diameter (GMD) of 557 μm (±0.133), 858 μm (±0.185), 1,210 μm (±0.227), or 1,387 μm (±0.223). Corn particle sizes were manufactured using hammer mill screen sizes of 1/16 in. (1.59 mm), 3/16 in. (4.76 mm), 5/16 in. (7.94 mm), and 6/16 in. (9.52 mm), respectively, with ground corn used in all experiments coming from a single grinding. The GMD was determined according to the American Society of Agricultural Engineers (2003) . All diets were formulated to meet or exceed NRC (1994) recommendations (Table 1) . Body weights and feed intakes were measured at the end of wk 1 and 3. Weight gain and feed efficiency (G:F) were calculated for each pen replicate. The objective of experiments 1 and 2 was to evaluate the effects of corn particle size in a corn-soybean meal diet on growth performance, ME n , total tract AA digestibility, and gizzard weight and pH. Cecal microbial populations were also measured in experiment 1. The objective of experiment 3 was to evaluate the effect of corn particle size on growth performance and gizzard weight. The CP of the feed remaining in the feeders also was determined in an attempt to assess whether the chicks were selectively consuming the larger corn particles.
ME and AA Analysis
In experiments 1 and 2 that examined the effect of corn particle size on ME n and total tract AA digestibility, the following procedures were followed. Celite (Celite Corporation, Lompoc, CA) was included in all diets at 2% as a source of acid insoluble ash (digesta marker). Excreta from each replicate pen were collected over a 24-h period on d 7 and 21 posthatch International, 2000) were determined at the University of Missouri-Columbia Experiment Station Chemical Laboratory. The concentration of acid insoluble ash in the feed and excreta was determined by the method of Vogtmann et al. (1975) , and the ME n of the diets was calculated using the equations described by Hill and Anderson (1958) , with acid insoluble ash as the digest marker. Apparent digestibility of AA was calculated using the equation described by Adedokun et al. (2007) .
Gizzard Weight and pH Determination
Gizzards were collected from the chicks according to the following procedures. At the end of the experiment, all birds were killed via CO 2 inhalation. After the chicks were killed, the gizzards were excised and the surrounding fat removed. The gizzards were then opened, the contents were removed, and the gizzard was rinsed and blotted dry. The gizzards were weighed and expressed as a percentage of BW. The gizzard contents from each of 2 or 3 birds were pooled together to provide 2 subsamples per replicate for pH determination A total of 1 g of gizzard contents was taken from each pooled sample and added to 9 mL of distilled water and shaken to provide an aqueous solution. The pH probe then was placed directly into the aqueous solution and the pH recorded.
Cecal Microbial Populations
Microbial populations were measured by DNA extraction from cecal samples followed by quantitative PCR techniques. Cecal DNA was extracted from samples that were collected from all birds within a replicate and then stored at −20°C until analysis using a Powersoil DNA isolation kit (MoBio Laboratories Inc., Carlsbad, CA) according to the instructions of the manufacturer. Extracted DNA was quantified using a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE). Quantitative PCR was performed for the bifidobacteria, lactobacilli, and E. coli populations. Amplification was performed according to Deplanke et al. (2002) . Briefly, a 10-μL final volume contained 5 μL of 2× SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA), 15 pmol of the forward and reverse primers for the bacterium of interest, and 10 ng of extracted cecal DNA. Standard curves were obtained by previous harvesting of pure cultures of the bacterium of interest in the log growth phase in triplicate followed by serial dilution. The calculated log colony-forming units per milliliter of each serial dilution were plotted against the cycle threshold to create a linear equation to calculate colony-forming units per gram of dry cecal content.
Statistical Analysis
All data were analyzed by the GLM procedure of SAS (SAS Institute Inc., 1990) for completely randomized designs. If the F-test for treatment effect was significant in the ANOVA, differences among treatment means were determined using the least significant difference test (Carmer and Walker, 1985) . Where appropriate, linear and quadratic responses were evaluated using single degree of freedom orthogonal contrast statements with coefficients for unevenly spaced treatments (SAS Institute Inc., 1990). For the latter, an initial assessment revealed no significant interactive effects between feeding period (age) and treatment for any orthogonal polynomial contrast; therefore, feeding period was removed from the statistical model. Differences were considered significant when P < 0.05.
RESULTS AND DISCUSSION
In experiment 1, there was a linear decrease (P < 0.04) in weight gain (0 to 21 d) and feed efficiency (0 to 7 d) (Table 2) as corn particle size increased in the diet of crossbred chicks. Douglas et al. (1990) also reported that feeding chicks diets prepared from corn with a GMD of 1,470 μm reduced BW and feed utilization compared with corn with a GMD of about 900 μm. In contrast, Nir et al. (1994a) reported that at 21 d of age, chicks fed medium or coarse particle size diets were heavier and exhibited better feed efficiency than those fed a fine mash diet. In experiment 2, weight gain and feed efficiency were not affected by corn particle size for either feeding period. In experiment 3, weight gain (Table 2) showed a linear decrease (P < 0.003) as corn particle size increased in commercial broiler chicks during the first week, with values for the two largest corn particle sizes (1,210 or 1,387 μm) being significantly lower than the two smaller corn sizes (557 or 858 μm). These differences were not maintained throughout the 0 to 21-d feeding period. There was no effect of dietary treatment on feed efficiency in experiment 3. Nir et al. (1994b) showed similar results in which birds receiving a medium particle size diet (769 μm) from hatch to 7 d of age had improved BW and feed efficiency over those fed a coarse diet (1,260 μm); however, these effects became more pronounced during the second and third week of life. The reason for the different growth responses between the commercial Ross × Ross 308 chicks in experiments 2 and 3 is unknown. Overall, there was no consistent effect of corn particle size on either weight gain or feed efficiency across all experiments. Feed intake was not affected by corn particle size in all experiments (data not shown). The results of the current study combined with earlier published studies show that the effects of larger particle corn sizes CORN PARTICLE SIZE EFFECTS IN YOUNG CHICKS on growth performance of poultry may be inconsistent under research conditions and more research may be warranted.
The ME n of all diets increased (P < 0.05) from 7 to 21 d of age in experiments 1 and 2 (Table 3) . In experiment 1, performed with crossbred chicks, there were no differences in ME n among the corn particle size diets. In experiment 2, conducted with commercial broiler chicks, there was a linear decrease (P < 0.007) in ME n at 7 d as corn particle size increased, but this result was not observed at 21 d. The reason for the different responses in ME n at 7 d between the crossbred and commercial chicks, particularly the response to the largest particle size, is unknown but may be associated with the much larger feed consumption of the commercial chicks (168 vs. 118 g of feed/chick); thus, the commer- Means within a column (diet effect) with no common superscript differ significantly (P < 0.05).
Means within a row (age effect) with no common superscript differ significantly (P < 0.05).
1 Means represent 4 replicates of 6 chicks each per treatment. 2 Means represent 6 replicates of 5 chicks each per treatment. 3 Significant linear effect of corn particle size at 7 d of age (P < 0.007). Means within a row with no common superscript differ significantly (P < 0.05).
1 Values are means of all 4 corn particle size treatments. There were no linear or quadratic effects of corn particle size on amino acid digestibility.
jACOBS ET AL. cial chicks (experiment 2) were consuming more total larger corn particles. Another possible explanation for the reduction in ME n at 7 d for commercial chicks fed the 1,387-μm corn size is that the gizzard of these very young chicks may not have been large or developed enough to sufficiently grind the larger corn particles. Particle sizes that are larger than 1,000 μm are thought to be too large for young chicks to use efficiently, so their passage through the gizzard may be slowed (Lott et al., 1992) , resulting in poorer performance. However, Portella et al. (1988) and Nir et al. (1990) reported that as birds become older, their preference for larger particle size feed increases. The results from this study support and are in agreement with previous studies because the CP content of the feed remaining in the feeders increased (25.26% for 1,387-μm corn vs. 21.20% for 557-μm corn) as particle size increased at 21 d indicating that the chicks were indeed selectively consuming the larger particles of corn (data not shown).
The digestibility of most AA was unaffected by corn particle size at 7 or 21 d (data not shown). Even though the 1,387-μm corn size in experiment 2 showed a decrease in ME n at 7 d, there was no difference in AA digestibility at 7 d among treatments. The lack of effect of the largest corn particle size on AA digestibility may be because the majority of the AA are coming from the soybean meal, whereas most of the energy is coming from the corn. Thus, the effect of corn particle size was greater for ME n than AA digestibility. As with ME n, digestibility increased for all AA at 21 d when compared with values at 7 d (Table 4) . These results are similar to other results reported by our laboratory that have shown that the ability of the chick to use energy and AA in a corn-soybean meal diet increases until the chick is approximately 2 wk of age, then plateaus, suggesting that digestibility has reached its maximum at this time (Batal and Parsons, 2002) .
Gizzard weight increased as corn particle size increased in the diet (Table 5) , and the greatest increase in gizzard weight was seen when chicks were fed the largest corn particle size of 1,387 μm, which resulted in a 19% increase in relative gizzard weight in New Hampshire × Columbian chicks in experiment 1 and 47 and 39% increases in Ross × Ross 308 broiler chicks in experiments 2 and 3. These results are similar to Nir et al. (1994a) , who found that when 1-d-old broiler chicks were fed coarse and medium corn particles, gizzard weight increased by 26 to 41% when compared with chicks fed fine particles. In contrast to gizzard weight, there was no significant effect of corn particle size on gizzard pH at 21 d (data not shown).
The effects of corn particle size on cecal microbial populations are presented in Table 6 . There was a significant increase (P < 0.05) in lactobacilli populations and a significant decrease in bifidobacteria populations when the largest corn particle size of 1,387 μm was included in the diet, but this difference was only significant when compared with the smallest corn size of 557 μm. An increase in lactobacilli populations is usually considered to be beneficial to the host because they can prevent colonization of diarrhea-causing pathogens such as E. coli (Engberg et al., 2002) ; however, in this study, corn particle size had no significant effect on E. coli populations. Engberg et al. (2002) compared coarse or finely ground mash or pelleted feed and reported that there was an increase in lactobacilli populations Means within a column with no common superscript differ significantly (P < 0.05). 1 Means represent 4 replicates of 6 chicks each per treatment.
in the ceca and rectum when birds were given coarse mash diets, with the lowest counts of lactic acid bacteria in birds given finely ground pellets. In a later study, they also reported that diets containing whole wheat when compared with diets containing no whole wheat showed an increase in lactobacilli populations in the distal intestine when whole wheat was included in the diet (Engberg et al., 2004) . Thus, the results in this study are in agreement with those published from previous studies.
The results of the current study indicate that larger particle size corn up to 1,387 μm can be included in the diet of young chicks without compromising growth performance and nutrient digestibility at 21 d and gizzard weights can be increased when feeding larger particle corn sizes. Our results also indicate that chicks can be fed larger corn particle sizes immediately after hatching, thereby resulting in increased gizzard size at a younger age and, consequently, intestinal health and gizzard function may be improved at an earlier age. When feeding large corn particle sizes to chicks during their first week of life, however, the corn may need to be ground to a particle size smaller than 1,387 μm because this largest ground corn size resulted in a reduction in ME n at 7 d in experiment 2.
